The Ultra-Long Wavelength (ULW) regime of longer than 10 m (corresponding to frequencies below 30 MHz), remains as the last virtually unexplored window in radio astronomy, and is presently attracting considerable attention as an area of potentially rewarding studies. However, the opaqueness of the Earth's ionosphere makes the ULW celestial radio emission very difficult to detect with ground-based instrumentation. The impact of the ionosphere on ULW radio emission depends on the Solar cycle activities and varies with time. In addition, the ULW spectrum region is densely populated by intensive artificial radio frequency interference (RFI). An obvious solution of these problems is to place an ULW radio telescope in space. However, this solution is expensive and poses non-negligible technological challenges. An alternative approach is triggered by recent studies showing that the period of post 2020 will be most suitable for exploratory ground-based ULW radio observations due to the expected 'calm' state of the ionosphere; the ionospheric cutoff-frequency could be well below 10 MHz, even in the day time. In anticipation of this upcoming opportunity, we propose and present in this paper a concept of an experimental ULW radio array, with the intention of setting it up in Inner Mongolia, China. This ULW facility will use the infrastructure of the currently operational Miangtu Spectra Radio Heliograph (MUSER). The proposed ULW array covers the frequency range from 1 to 72 MHz. This experimental array will be used for exploratory studies of celestial radio emission in the ULW range of the spectrum.
Introduction
The ULW regime, remaining as the last virtually unexplored region of the whole electromagnetic (EM) spectrum, is the most appropriate regime to study several astronomical sciences such as the dark ages, the extragalactic sources, the galactic interstellar media, transients and variable sources, etc [14] , [5] . Due to the strong absorption and scattering of the Earth's ionosphere, the radio emission below 30 MHz are poorly accessible with the groundbased radio telescopes. To date, there are several large Earth-based low frequency radio telescopes that have been built, such as the Low Frequency Array (LOFAR) in Europe operating in the frequency range from 10 to 240 MHz and the Murchison Wide-Field Array (MWA) in Western Australia operating in the frequency range from 80 to 300 MHz [27] ; However, most of these instruments work above 10 MHz. Besides, the ubiquitous strong artificial radio frequency interference (RFI) also severely limits the observations below 30 MHz in radio astronomy.
In the present situation, a space-based radio telescope operating beyond the Earth's ionosphere appears to be the only viable solution for the ULW astronomy. Some precursor ULW space-borne instruments revealed that the Moon can act as a good shield for the strong RFI from the Earth to provide an ideal radio environment [1] ; In addition, the intensity of terrestrial radio interferences will also decrease to an acceptable level if the instrument locates far enough (>∼157 Earth radii) away from the Earth [19] . Therefore, the feasible way to explore the ULW spectral domain with minimum RFI is that the facility must be outside the Earth's ionosphere, either somehow shielded from the Earth-originated RFI, or located sufficiently far away from the Earth. Up to now, several facilities have been already launched to perform the ULW observations [12] , [19] , [10] , including the latest radio instrumentthe Netherlands-China Low Frequency Explorer (NCLE) [4] . However, all of them are mostly single element instruments. There are many concepts of space-borne multi-element interferometers that have been proposed [17] , [15] , [2] , [9] , [26] , [3] , [16] , [5] , [24] , though all of them are still being pursued and in the developmental phase. Considering the complexity in technology and engineering, it is actually quite challenging to achieve these concepts. Thus, given the complexities, engineering challenges, and the very high cost to develop such space-based interferometers, we propose a concept of an experimental ULW radio array at a low cost (around 0.20 Million US dollars (M $)).
The F-region of the ionosphere is primarily produced by the solar EUV radiation. The foF2, an ionospheric parameter that is the critical frequency above which the radio waves from the sky would be reflected back by the Earth's ionosphere, shows a good correlation with solar activity parameters such as sunspot numbers [21] . The studies of Janardhan et al. (2015) showed a strong correlation between the variations in foF2 and the smoothed sunspot number (SSN) during the period 1994-2014, covering solar cycle 23. Further, based on this correlation between foF2 and the sunspot number, the authors reported an assessment of possible impact of a likely grand minimum on terrestrial ionospheric current systems, based on the one-to-one correlation of sunspot number and night time F-region maximum electron density, and claimed that the period post 2020 will be useful for undertaking systematic ground based low-frequency radio astronomy observations, as the night time ionospheric cutoff-frequency could be well below 10 MHz. Normally, the solar minimum lasts 1-2 years, but the Solar cycle 24 minimum may be extended beyond 2 years. It would therefore provide an excellent opportunity to do ULW astronomy at this special time window, post 2020 for a period of 2-3 years, using our proposed experimental ULW radio array. It will be built in a radio-quiet location at a low cost (around 0.20 M $) by using available hardware facilities of a solar radio synthesis array (Mingantu spectral radio heliograph, MUSER) [28] . Although there are still strong RFIs existing, by using RFI mitigation methods this experimental radio array will conduct radio observations at low frequencies, and will also be used to study some related technologies for future space-based ULW radio array.
The concept of the radio array is briefly described in Section 2. In Section 3, the system specifications are discussed. In Section 4 the concept design of the whole system is presented. System analysis is provided in Section 5, followed by discussions on Scientific Objectives achievable from this experimental array. Summary and 
System concept
For an ULW radio array, it is impossible to build the antenna element as large as the wavelength scales since its wavelength is long, especially at very low frequencies. To meet the requirements of sensitivity and bandwidth, an active antenna is needed for this kind of array, which has been widely used in modern low frequency radio array systems for ground-based facilities [25] . The baseline of the array should be long enough to have a reasonable spatial resolution. Besides, the array system should be simple to be within an appropriate budget and to have less construction burdens. Considering these specific requirements, if we set up many low frequency antennas over a big area to form a radio array like LOFAR or LWA, it will be almost impossible to finish the whole system construction (including the antenna implementation, signal transmission, and data receiving and processing) within a very limited budget before 2020. Therefore, we need to have a smart concept to build such kind of a low cost array.
In Inner Mongolia in China, a solar-dedicated radio interferometer, MiangtU SpEctra Radio Heliograph (MUSER), is in operation. It can carry out imaging spectroscopy of the Sun, to produce high spatial, high time and high frequency resolution images of the Sun at different frequencies simultaneously. MUSER has two arrays with parabolic dishes operating at different frequency bands, such as MUSER-I, the low frequency array, operating at frequencies from 0.4 to 2 GHz and MUSER-II, the high frequency array, operating at frequencies from 2 to 15 GHz. The MUSER-I contains 40 antennas of 4.5 m diameter each, and the MUSER-II contains 60 antennas of 2 m diameter each. All the 100 antennas of MUSER array are located on three log-spiral arms with the longest baseline being about 3 km. The radio frequency (RF) signal detected by each MUSER antenna is transmitted through optical fibers to an indoor facility containing analog and digital receivers.
In the design of MUSER, the optical fibers for each antenna are redundant and only half of them are used. The 3 other half are still available. We consider using the available optical fibers to transport the RF signals, which is also called as RF over fiber. The RF signal is close to the optical transmitter and fiber connector in MUSER antenna base so as to avoid any long cable signal transmission. As shown in Figure 1 , the antennas of MUSER array are forward-feed dish antenna with their feeds supported by four struts. We design the antenna of the proposed experimental radio array as a thin copper wire and fix it along the feed support strut, with which we can get a cross-dipole antenna by combining the four wires on the support struts. The low noise amplifier (LNA) of this antenna is fixed on the backside of the front-end box of MUSER antenna. Considering the antenna of MUSER-II array is only 2.0 m in diameter, it is not big enough to support a reasonably big cross-dipole antenna. So we prefer to set up the cross-dipole antenna only on MUSER-I dishes, which allows us to have maximum 40 antennas for the proposed ULW radio array. The RF signals detected by the antennas will be transported by the fibers to an indoor digital receiver, which is employed to convert the radio frequency signals to digital signals, and to perform the signal processing. Besides, a hard disk array is used to store all of the observational data for further scientific studies.
As mentioned above, since we set up the dipole antennas on MUSER dish antennas for the proposed experimental ULW radio array, we do not require extra support mechanisms and locations to set up the antennas.
Furthermore, the dipole antenna can share the same pointing control system with MUSER together, which will make the dipole even have a flexible pointing. With the available optical fibers, we can easily solve the problem of long-distance signal transmission between the antenna and the indoor receiver. The only thing required is to develop an optical transceiver module. The digital receiver is a key instrument and is needed to be carefully designed for this experimental ULW radio array.
System specification
Based on the concept introduced in Section 2, we propose an experimental ULW radio array with the main specifications as shown in Table 1 .
In order to make radio observations beyond the ULW regime, the upper limit of operating frequencies of this ULW radio array is set to higher than 30 MHz so that joint observations can be performed with other low frequency radio telescopes for calibration purposes and science studies. Some antennas of MUSER-I array are located close to two small villages, so only 36 antennas of MUSER-I array are used to set up the cross-dipole antennas for the 4 ULW array so as to avoid the possible RFIs. As the longest baseline of the ULW array is around 3 km, the spatial resolution varies from 0.1
• at 72 MHz to ∼ 7.0
• at 1 MHz. Simultaneously, more than eight beams will be formed to do the radio observations. For each single antenna system, the system dynamic range is about 36 dB relative to the galactic background. 
System description
The whole system of this experimental radio array mainly includes the active antennas, the optical modules and fibers, and a digital receiver. A systematical schematic is shown in Figure 2 . Using the RF over fiber, the radio signals sensed by the active antennas will be transported to the indoor digital receiver with fibers. The digital receiver will then sample the electrical signals and process them with the designed algorithms for scientific outputs.
Antenna
Figure 3: Antenna setup of the experimental ULW radio array. The red lines on the feed support struts are two dipole antennas with inverted V shapes, the LNA box (blue part) is fixed on the back side of the front box of the dish antenna.
For a radio array, the antenna is a key element of the whole system. At low frequencies, an active antenna is the inevitable choice to obtain a good gain and a wide frequency band. As described in Section 2, the antenna of the proposed experimental ULW array will be set up on MUSER-I's parabolic antenna as shown in Figure 3 .
By placing four copper wires on the feed support struts, we form two dipole antennas with an inverted V shape to detect the radio signals. Each support strut of the parabolic antenna is ∼2.5 m long, so the maximum length 5 of each dipole antenna is ∼5.0 meters. The antenna is isolated from the strut by its cable insulation. The angle between one pair of monopoles is about 106
• , which in principle will broaden the radiation pattern of the dipole antenna to observe almost all of the sky. The parabolic antenna can be considered as a ground plane to the dipole antenna, and influence the antenna performance, especially at higher frequencies in the operating frequency band. As shown in Figure 4 , the parabolic antenna improves the dipole antenna radiation pattern by suppressing the sidelobes at most of the frequencies. Detailed simulations show that the antenna patterns will become saddle-shape patterns between 10 and 20 MHz. A further analysis reveals that it can be ascribed to the reflection influence by the ground. Although the parabolic antenna can shield the radiations from the ground more or less, the radiation pattern of the dipole antenna will still be affected by the ground reflection since the dish size is quite small relative to the wavelength. While tracking the radio sources the dipole antenna moves with the parabolic antenna in order to point in different directions, so its radiation pattern will change inevitably with the orientation of the parabolic antenna.
In the implementation, we will optimize the antenna length to obtain a good balance among the different antenna performances including the antenna pattern, frequency band, gain and efficiency.
All the antennas of the proposed ULW array are located on three log-spiral arms along with the MUSER's antennas together, as shown in Figure 5 . The maximum baseline of this ULW array is 3287 meters, which will provide a spatial resolution of around 7.0
• at the frequency range from 1 ∼ 72 MHz. The array synthesis beams are simulated as plotted in Figure 5 .
Behind each dipole antenna, a low noise amplifier is used to amplify the detected signals with low noise and to obtain a matching between the antenna and transmission cable. This LNA includes two stage amplifiers. The first stage is a voltage amplifier with high input impedance, and the second stage is a current feedback amplifier [7] . The available gain of the active antenna is low due to the mismatching between the dipole antenna and LNA. In 50-ohm system the noise figure of the LNA is around 2.0 dB over most of the operating frequency band. This LNA is designed for the dipole antenna above to achieve the sky noise limited performance within the operational frequency band [7] . With a sky temperature model [14] , we simulate the sky noise limited performance of this active antenna. As shown in Figure 6 , it can achieve a 10 dB sky-noise limitation between 7.5 and 51 MHz, and a 5 dB sky-noise limitation between 5 and 70 MHz. Two LNAs are combined together on one printed circuit board (PCB), which is assembled in a LNA box. This box is fixed on the front-end receiver box of MUSER-I as shown in Figure 3 . Figure 6 : Simulations of the sky noise limited performance. It is evaluated by the ratio between the detected sky noise T sky and the receiver noise T lna + T antthermal of the antenna system. A high ratio is essential for the array to carry out the synthesis imaging with a high spectral resolution. Left: The sky temperature model [14] used in the simulations. Right: The simulations of the sky noise limited performance for the designed active antenna.
Optical transceiver & fiber
As mentioned above, we use the design of RF over fiber to transmit radio signals to indoor receivers. The radio signal detected by the active antenna will be transmitted to an optical transmitter via a 10-meter coaxial cable, which will introduce an extra noise temperature of ∼ 7 − 28 K. The optical transmitter in the MUSER's antenna base converts the radio signal to the optical signal. Then, the redundant fiber of MUSER is used to transmit the optical signal to the indoor receiver, where it will be converted back to the radio signal by an optical receiver. To decrease the temperature influence on phase differences between the different antennas, all of the optical fibers of MUSER are buried 2.5-meter deep underground covering the maximum baseline length of ∼ 3 km. The optical transceiver including a transmitter and a receiver has a total gain of ∼ 30 dB, which allows the radio signal to be sampled by the Analog to Digital Converter (ADC) at a proper power level. As the available gain of the active antenna is low, we need to decrease the system noise temperature in order to improve the sensitivity of the receiving chain. Thus, this transceiver is designed to have a low noise figure of about ≤ 2.0dB in most of the frequency band, as shown in Figure 7 .
Digital receiver
For a low frequency radio array, the radio signal detected by the antenna will be sampled directly by a digital receiver without passing through a complex analog receiver. In this way, almost all the signal processing is done in the digital domain, thus the digital receiver is the core instrument of the whole array system. In the proposed experimental ULW radio array, the digital receiver will sample the antenna signal with a 12-bit ADC operating at In order to observe different radio sources in the sky, the proposed experimental ULW radio array is designed to work in two different scientific modes, multi-beamforming mode and synthesis imaging mode. Therefore, the signals are processed further in two different ways in the digital receiver as shown in Figure 8 . In the beamforming mode, all the antenna signals will be multiplied by the complex weighting coefficients and then summed together to get an output with a specified beam. Multi-beam signals can be obtained simultaneously by using different groups of weighting coefficients in parallel. In the design, the beamforming for broad-band radio signals can be achieved by integrating the adjacent narrow-band beamforming signals. In the synthesis imaging mode, all the antenna signals with two polarizations will be cross-correlated to measure four Stokes parameters that will be used for imaging celestial radio sources. The beamforming mode and the synthesis imaging mode can work together or separately. Both of them have the integration time of 10 ms, the maximum data rate is around 32 MB/s.
System analysis
In this experimental ULW radio array, the induced radio signals on the antenna by celestial radio emissions will be transmitted to the indoor receiver for digitization and further signal processing. To analyze the noise distribution, a reference plane is set between the antenna and the LNA. Before this reference plane, the noise is called the antenna noise, which includes the noise from the sky and the thermal noise of the antenna itself. According to the temperature model in [14] , the different noise contributions in the system have been simulated. The average sky noise temperature is around 7.1 × 10 5 K within the operating frequency band. The antenna only detects part of the sky noise, which is determined by the antenna efficiency [7] . The average antenna noise temperature is around 9 8.7 × 10 4 K. After the reference plane, the noise is called receiver noise, which includes the LNA noise, the optical transceiver noise and the digital receiver noise. The average LNA noise at the output is around 2.1 × 10 4 K, the noise temperature of the optical transceiver is around 170K at the input. As the gain of the transceiver is as high as 30 dB, the equivalent noise of the digital receiver at the transceiver input can be ignored. Thus, the total receiver noise at the LNA output can be calculated as the sum of the LNA noise and the optical transceiver noise, which is about 2.1 × 10 4 K. The available gain of the active antenna is about 7.8 dB, so the equivalent receiver noise at the reference plane can be obtained by dividing by the available gain, it is 3.6 × 10 3 K. The total system noise is equal to the sum of the antenna noise and the receiver noise, which is about 9.1 × 10 4 K. Figure 9 : Antenna and array sensitivities comparing with the flux density of different radio emissions. The different radio emissions are replotted with the data in [29] . Note that the receiver sensitivity is calculated as the antenna system sensitivity without taking into account the galactic background noise. The sensitivities of the antenna and array are simulated with different integration times and bandwidths.
Based on the noise contribution analysis, we simulated the sensitivities of the antenna and array system. As shown in Figure 9 , if the galactic background noise is excluded from the system noise, the antenna sensitivity (named as receiver sensitivity here) is much lower than the galactic background over most part of the operating frequency band. This is also shown in Figure 6 . With a certain integration time and observing bandwidth, even one single antenna will be sensitive enough to detect both the peak and the average Jupiter radio emissions. At the ULW band, the solar bursts are strong enough, so both the antenna and array will be able to detect them.
For a low frequency radio array, if the antenna signal is sampled directly by the digital receiver, the dynamic range of the system will only be determined by the LNA and the digital receiver. Normally, a good LNA will have a sufficient dynamic range to amplify the radio frequency signal since it is very small in radio astronomy. In that case, the system dynamic range will mainly depend on the digital receiver. For the proposed experimental ULW radio array, the optical transceiver is used to transmit the radio signal between the antenna and the digital receiver, which will certainly affect the system dynamic range. Suppose there is no RFI, the system simulations show that the total power of the detected radio signal on the antenna is about -56.6 dBm. The gain of the optical transceiver is around 30 dB and the 3 km optical fiber attenuates the signal by 1 dB, then the signal power at the ADC input will be about -27.6 dBm. For a 12-bit ADC with a full-scale of 10 dBm, this power will fill 5 bits, the other bits will be left for the high-dynamic range signals. However, the input power of the 1 dB compression point for the optical transceiver is around -22 dBm, so its dynamic range will be limited to −22 − (−56.6) = 36.6 dB. If we take into account both of the optical transceiver and the digital receiver, it can be concluded that the system dynamic range will be around 36 dB without considering the RFIs. Figure 10 : RFI measurement below 30 MHz with a 2.5-meter antenna at the experiment radio array site on Jan. 3, 2019. The antenna is set up with the similar configuration as shown in Figure 3 , not on the dish, but 1.5 meters high above the ground. The measurement has a spectral resolution of 10 kHz.
Although the proposed experimental radio array is located at a radio-quiet zone, there are still many RFIs at the ULW regime, as shown in Figure 10 . It is a serious problem for the radio observations within this frequency range. In this case, different techniques will be studied (including flagging, filtering, thresholding, spatial nulling, machine learning, etc) to mitigate the RFIs. Some measures have already been taken at the array site, such as the RFI monitoring, the study of the RFI mitigation algorithms in the data processing, etc. Besides, the ionosphere calibration is another issue for the low frequency radio array. Compared with the RFI problem, it is a little easier to solve this issue since all the antennas of the proposed experimental array are located within only 3 km, and the impact of the ionosphere in this distance range is less [22] . Even then, we will still study how the ionosphere affects the radio observations with this ULW array.
Expected scientific studies
Based on the concept design mentioned above, the proposed experimental ULW radio array will be a competent instrument capable of studying some astronomical objects and phenomena similar to the science cases as described in [14] . A few of them include studying solar radio bursts, mapping the radio sky at ULW regime, investigating planetary radio emissions, and trying the VLBI observations with other low frequency facilities.
Despite the great importance to space weather, the intense radio bursts associated with solar flares and coronal mass ejections (CME) are poorly understood on their physical mechanisms, with the consequence that neither accurate models nor reliable prediction tools exist. Among these solar radio bursts, two main types are Type II bursts which drive energetic shocks through the solar corona and interplanetary medium ( 1000-2000 km/s), and
Type III bursts which result from mildly relativistic ( 0.1-0.3 c) electron beams propagating through the corona and interplanetary space. At the ULW regime, the proposed experimental array will be able to detect and track the radio bursts in the interplanetary space within about 10-20 solar radii. Combined with other solar radio instruments, such as MUSER, and the Interplanetary Scintillation (IPS) telescope and meter-wave spectral radio heliograph that are planned to be built at Mingantu observation station, the proposed ULW array will provide a unique opportunity to study the propagation and evolution of the interplanetary CME and non-thermal high-energy particle beams.
In radio astronomy the ULW range remains as the last virtually unexplored region of electromagnetic spectrum.
Due to the limitation of the terrestrial radio facilities, so far the best available maps of the low-frequency sky have a resolution of 5 degrees at 10 MHz with a very poor dynamic range [6] . At the frequencies below 10MHz, the only view of the sky we have until now is made by the Radio Astronomy Explorer 2 (RAE-2) satellite in 1973 [18] .
However, it provides hardly any information about the individual astronomical source. During the period of post 2020, the proposed experimental radio array will provide a high possibility of mapping the sky at ULW regime with a reasonable spatial resolution.
Among planetary radio emissions, the Jupiter emissions are intense (MJy), point-like, 100% polarized, quasipermanent in the hectometer-kilometer (0.3-3 MHz) range, and reasonably predictable in the decameter (30 MHz) range [30] , [23] . Jupiter can be considered as an ideal calibration source and a perfect target for the ground-based long wavelength array. For Saturn, the proposed experimental ULW array may permit seasonal or secular effect studies of its radio emissions, as well as for Uranus. Quasi-continuous observations for all planets will reveal the time-variability of the emissions related to planetary rotation periods, variability of the solar wind, and satellite modulations.
The Netherlands-China low frequency explorer (NCLE) is a radio instrument onboard the Chinese Chang'E 4 lunar mission [4] . In the Earth-Moon L2 orbit it can perform the astronomical observations at the frequency range of 0.08 -80 MHz. We are deeply involved in this project. The proposed experimental ULW array will make some joint radio observations with NCLE together.
7 Summary, conclusions and future work
In this paper, an experimental ULW radio array has been proposed with a relatively easy implementation and at a relatively low cost. The preliminary design of the whole system has been introduced as well. Simulations show that the antenna system of the ULW array is sky noise limited over most part of the operating frequency band.
By using the RF over fiber design, the antenna signal is transmitted over a long distance with low attenuation and phase variation. Also, we show that the array can achieve reasonable sensitivity and dynamic range. Several scientific studies can be pursued using the proposed array, as well as the array can be used as a precursor for the future space-based ULW radio array.
Currently, all of the sub-system developments of this experimental array have almost been finished. Next they will be assembled and tested soon. The preliminary observations are expected to be done by the end of 2019.
In addition, we will also optimize the signal processing algorithms of the digital receiver further to obtain more flexibilities and better performances. The RFI mitigation techniques will also be studied, as well as the ionosphere calibration methods.
